The first round of emissions testing of flexible fuel methanol vehicles from the U.S. federal fleet was completed in 1995. The vehicles tested include 71 flexible fuel M85 1993 Dodge Spirits, 16 flexible fuel 1994 M85 Ford Econoline Vans, and a similar number of standard gasoline Dodge Spirits and E150 Ford Econoline Vans. Results presented include a comparison of regulated exhaust and evaporative emissions and a discussion of the levels of air toxins, and the ozone-forming potential (OFP) of the measured emissions.
INTRODUCTION
The National Renewable Energy Laboratory (NREL) is managing a series of light-duty vehicle chassis dynamometer emissions tests on alternative fuel vehicles (AFVs) for the U.S. Department of Energy (DOE). This program is part of a larger demonstration of AFVs that was mandated by the Alternative Motor Fuels Act of 1988 (AMFA). As part of the AMFA program, vehicle performance, operational costs, maintenance, and fuel economy data are also being collected by NREL's Alternative Fuels Utilization Program and disseminated through the Alternative Fuels Data Center (AFDC).
During the first phase of the AMFA emissions test program (AMFA I) 18 vehicles were tested by three laboratories [1] . The vehicles tested included M85 (85% methanol, 15% gasoline) variable fuel Chevrolet Luminas, standard gasoline Chevrolet Luminas, M85 flexible fuel Ford Tauruses, and standard gasoline Ford Tauruses. All vehicles tested under AMFA I were 1991 model year vehicles. The second phase (AMFA II) used the lessons learned in AMFA I to identify areas of concentration and design a program to achieve increased certainty in the results. In AMFA II the baseline test fuel was changed from Amoco Indolene® to California Phase 2 reformulated gasoline (RFG) the number of vehicles was increased to nearly 300, including M85 Dodge Spirits, E85 (85% ethanol, 15% gasoline) Chevrolet Luminas, and compressed natural gas (CNG) Dodge passenger vans. Also, detailed speciation of hydrocarbon (HC) emissions was added to the program.
The AMFA II testing laboratories were selected on the basis of a competitive bidding process in which experience with performing the Federal Test Procedures (FTPs), in particular, FTP testing of alcohol and natural gas vehicles was stressed. The AMFA II testing is being done by three private emissions test facilities, including Environmental Research and Development (ERD) in the Washington D.C. area, Automotive Testing Laboratories (ATL) in East Liberty, Ohio, and ManTech Environmental Technology, Inc. (ManTech), in Denver, Colorado. Before testing began, a coordination meeting was held between all participating laboratories and NREL to ensure consistency in the test procedures. Laboratory site visits were conducted by NREL and U.S. Environmental Protection Agency (EPA) employees to ensure the consistency of the test procedure, calibration procedures, etc.
This paper covers the first round of AMFA II testing of the methanol flexible fuel vehicle (FFV) Dodge Spirits and Ford Econoline vans. These tests were performed between March of 1994 and June of 1995.
TEST VEHICLES
The vehicles covered in this paper are methanol FFVs and standard gasoline 1993 Dodge Spirits, and 1993 Ford Econoline E150 vans. The FFV models are designed to run on blends of methanol and gasoline from 85% methanol/15% gasoline to 0% methanol/100% gasoline. It should be noted that the FFV Dodge Spirits are EPA certified production vehicles while the FFV Ford Econoline vans are uncertified prototype demonstration vehicles. General specifications for these vehicles are shown in Table 1 . The Dodge Spirits are light-duty passenger cars with 2.5-liter, 100-horsepower, 4-cylinder engines, multipoint fuel injection, and a compression ratio of 8.9 : 1. The E150 Ford Econoline vans are full-size passenger vans classified by EPA for emissions certification purposes as a heavy light-duty truck. They have 4.9-liter, 145-horsepower, in-line 6-cylinder engines, with multipoint fuel injection and a 8.8 : 1 compression ratio. Both vehicle designs include methanol compatible materials in the fuel system, a special fuel sensor to measure the percentage of methanol in the fuel, higher capacity fuel flow injectors, and the appropriate changes to the engine computer programming.
All test vehicles participating in this program are part of the federal vehicle pool leased to various government fleets through the General Services Administration (GSA). A large number of vehicles were selected for testing because the vehicle usage and care vary from site to site. Vehicle service may vary widely from short delivery routes to highway driving, and the level at which the original equipment manufacturer's preventive maintenance schedule is followed depends, to a certain extent, on the diligence of the fleet operator. Over the life of the program, variability in the emissions level is therefore expected to be fairly high from vehicle to vehicle. However, most (approximately 90%) vehicles were tested at odometer readings of less than 20,000 miles and did not require maintenance, such as air filters or tune-ups, that could affect emissions levels. Fleet personnel are notified of upcoming tests and are asked to ensure that the vehicle scheduled for testing has received normal preventive maintenance and that it is in normal operating condition. Nevertheless, each vehicle goes through a general inspection when it arrives in the test laboratory. Based on the general inspection, the vehicle may undergo a minor repair (replace fuel cap, tighten fitting, etc.) at the laboratory, be sent to an authorized dealership for maintenance, be returned to the fleet with notification of a problem, or be prepared for testing. Table 2 shows the number of vehicles tested and tests performed at each of the three participating laboratories. The number of tests is greater than the number of vehicles because duplicate tests were performed on several vehicles. During the first round of testing, a complete set (all fuels) of repeat tests was performed on at least two of each vehicle model at each laboratory. Additionally, repeat tests were performed based on agreement between the results of the EPA Emissions Certification FTP to a subsequent inspection and maintenance (IM240) emissions test. The repeat tests based on this comparison were deleted due to the high number of repeats required and a study that showed relatively poor correlation between the FTP and the IM240 test results applied in this manner. [2] During the first round of testing, the vehicles were tested at odometer readings between 4,000 and 40,000 miles. The distribution of odometer readings at the time of testing is shown in Figure 1 . Approximately 90% of the FFV Dodge Spirits were tested at odometer readings less than 20,000 miles, and 91% of the FFV Ford Econoline vans were first tested at odometer readings less than 30,000 miles. Although there is a considerable difference in the distribution of test mileages between the FFVs and standard gasoline Dodge Spirits, the primary comparisons made are between the fuels tested in the FFVs. The results from the standard gasoline control vehicles are used as a reference base.
TEST FUELS -Physical properties of the three test fuels used in this program are summarized in Table 3 . The methanol and gasoline test fuels were blended and supplied to each laboratory by Phillips Petroleum. California Phase 2 (RFG) was specified to represent a modern gasoline baseline to compare them with the methanol blends. The Auto/Oil Air Quality Improvement Research Program (AQIRP) has compared the emissions from an industry average gasoline to RFG for similar vehicles. [3] The two methanol blends used in the testing are 85% methanol with 15% RFG (M85), and 50% methanol with 50% RFG (M50).
TEST PROCEDURES -The complete procedure for testing a vehicle is outlined in Figure 2 . The test sequence was preceded by fleet notification, verification of scheduled maintenance and acceptable vehicle performance, and an incoming vehicle inspection at the laboratory. Once a vehicle was approved for testing, an extensive procedure designed to minimize the fuel changeover effects was performed. Each FFV was tested on RFG, M85, and M50 in random order. The standard gasoline vehicles were tested on RFG. The fuel changeover procedure was performed before every test, including the first test in the sequence. This process follows the AQIRP vehicle testing procedures.
[4] The main elements of the fuel changeover procedure are a 60-min purge of the vehicle's evaporative canister, several fuel tank drain and fill sequences, a chassis dynamometer driving cycle using the test fuel, and several engine start-up and idle sequences.
When the preparation procedure was complete, each vehicle was tested following the EPA's FTP for light-duty vehicle chassis dynamometer testing.
[5] This included a complete fuel drain and 40% refill with the test fuel at room temperature, followed by a dynamometer preconditioning driving cycle and a temperature-controlled soak for 12 to 36 h. After the soak time, the fuel was again drained and filled to 40% capacity with test fuel at 45°-60°F. The vehicle was then pushed into the sealed housing evaporative enclosure where the EPA diurnal heat build sealed housing evaporative determination (SHED) was performed. To determine the vehicle's evaporative HC loss, initial and final HC and methanol measurements were taken from the evaporative enclosure as the temperature of the vehicle's fuel tank was raised from 60°F to 84°F during a period of 60 min. Within 1 h of the diurnal SHED test, the vehicle was pushed onto the dynamometer, started, and driven through the three phases of the exhaust FTP using the urban dynamometer driving schedule (UDDS).
Three samples of dilute exhaust gas from the constant volume sampling system were collected during the exhaust FTP corresponding to the cold transient (bag 1) phase, the hot stabilized (bag 2) phase and the hot transient(bag 3) phase. These "bag" samples were analyzed for HCs using a flame ionization detector (FID, heated to 235 ±15°F for alcohol fuel tests), methane (CH 4 ) using an FID combined with a gas chromatograph, NO x using a chemiluminescence analyzer, and CO and CO 2 using nondispersive infrared analyzers as prescribed by standard FTP certification. Alcohol samples are collected by drawing dilute air and exhaust gas samples through primary and secondary impingers chilled in an ice-bath to 0°-5°C. Analysis of the alcohol samples was performed by gas chromatography. 
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Aldehyde samples are collected on dinitrophenylhydrazine (DNPH) coated silica cartridges or in DNPH/Acetonitrile solutions in impingers, and analyzed using high performance liquid chromatography. The hot soak evaporative emissions test defined by the FTP was performed immediately after the hot transient phase (bag 3) of the exhaust emissions test. Evaporative losses were determined from HC and methanol analysis of the enclosure atmosphere at the start and end of the 60-min test period.
Full speciation of the exhaust and evaporative HCs from a sample of the vehicles (as indicated in Table 4 ) was performed using gas chromatography. The HC speciation quantified the concentration of more than 100 HC constituents in the emissions samples. A complete list of the candidate HC species is shown in Appendix A. 
RESULTS AND DISCUSSION
All data (bag-specific exhaust, evaporative, and HC speciation) from the testing of GSA alternative fuel and standard gasoline Dodge Spirits and Ford Econoline vans, as well as emissions test data from other vehicles and fuels not covered in this paper, can be found in the AFDC, accessible via the World Wide Web at the following internet address: "http://www.afdc. nrel.gov/web_view/emishome.html". A summary of the FTP weighted average exhaust emissions and evaporative emissions is presented in Appendices B and C of this report.
The following discussion presents a comparison of regulated exhaust emissions including HCs, CO, NO x , evaporative HC emissions, nonregulated emissions such as exhaust toxic emissions, and the ozone-forming potential (OFP) of the exhaust emissions. Tables 5 and 6 The Tier 1 EPA HC certification standards for methanol vehicles are written in terms of the non-methane portion or organic material non-methane hydrocarbon equivalent (OMN-MHCE). The certification standard for evaporative emissions is 2.0 grams total evaporative HC emissions per test. The total evaporative HC emissions are defined as the sum of the HC loss from the diurnal and hot soak SHED tests. For methanol tests this is calculated as follows: Table 7 shows the average and coefficient of variance (CV) for regulated exhaust and evaporative emissions from the FTP emissions testing of FFV and standard gasoline Dodge Spirits. The averages and CVs were calculated after removing data points outside a band of +/-3 standard deviations. Figure  3 shows graphical representations of the values presented in Figure 3 clearly shows that the regulated emissions results from Dodge Spirit FFVs were quite low compared to the certification standards. The average emissions were substantially lower than the Tier 1 emissions certification standards for all three fuels. The low emissions levels make percentage comparisons somewhat misleading. For instance, Lab 1 showed a 34% increase in NOx emissions from M85 compared to RFG. The M85 average is only 0.049 grams per mile higher than the RFG average of 0.144 grams per mile. The RFG value is 86% below the Tier 0 certification standard, and the M85 value is 81% below the Tier 0 standard.
Regulated Emissions from Dodge Spirits
The average NMHC and OMNMHCE (see Figure 3a) emissions from all Dodge Spirits tested were approximately 70% lower than the Tier 0 emissions standard and approximately 50% of the more stringent Tier 1 standards. At Labs 1 and 3, the FFVs tested on alcohol fuels tended to have 20% to 30% lower NMHC emissions compared the FFVs tested on RFG. Lab 2 showed very little difference in FFV emissions results between the vehicles. NO x emissions from the FFVs (see Figure 3b) were also very low (approximately 75% lower than the Tier 0 standard and 50% lower than the Tier 1 standard). Lab 2 showed very little difference in NO x emissions from fuel to fuel for the FFVs. The M85 NO x emissions at Labs 1 and 3 were approximately 35% higher than the RFG tests. Overall, the average CO emissions (see Figure 3c) results were approximately 50% lower than emissions standard (for CO Tier 0 = Tier 1). Labs 1 and 3 showed very small reductions (between 3% and 9%) for FFV alcohol fuel tests compared to FFV RFG tests. Lab 2 showed a small (13%) increase for M85 over RFG. In general, Labs 1 and 3 agreed well with exhaust emissions from FFVs, showing a decrease in NMHCs, an increase in NO x , and very little change in CO. Lab 2 showed very little difference (less than 10%) between fuels for NMHC and NO x , and a small (13%) increase in CO for M85 over RFG.
The three laboratories showed similar trends when comparing the FFV tested on RFG to the standard gasoline vehicles tested on RFG. In general the NMHC and CO emissions were lower, and NO x emissions were higher from the standard gasoline vehicles compared to the FFVs tested on RFG. For the standard gasoline vehicles tested on RFG, the NMHC emissions were 30% to 50% lower, the CO emissions 1% to 19% lower, and the NO x emissions 70% to 144% higher than the FFVs tested on RFG.
The evaporative HC emissions (see Figure 3d ) were also considerably lower than the certification standard. The results for M85 and RFG from the three laboratories agreed quite well and show very little difference between the two fuels. Lab 1 showed substantially higher evaporative emissions for M50. This could be due, in part, to the higher Reid vapor pressure (RVP) of the M50 fuel (RVP M85 = 7.5 psi, RVP M50 = 9.5 psi, RVP RFG = 6.4 psi), but Labs 2 and 3 did not show this effect.
The variability from vehicle to vehicle (expressed as the CV in Table 7 ) agreed quite well between laboratories. Table 7 shows that NO x results had the highest CV (ranging from 0.35 to 0.63 for the FFVs) of any of the regulated emissions for all fuels and at all laboratories. The NMHC results had the lowest CV (ranging from 0.12 to 0.28). For nearly all the emissions components (HC, NO x , CO, and evaporative HCs) the results from the standard gasoline vehicles were less variable than from the FFVs. 
EPA Regulated Emissions from Ford Econoline Vans
A smaller number of FFV Ford Econoline vans was available for testing at Labs 2 and 3 only. Table 8 shows the average and CV for regulated exhaust and evaporative emissions from the FTP emissions testing of FFV Ford Econoline vans for the three test fuels (RFG, M50, and M85), and the RFG test results for the standard gasoline Ford Econoline vans. The averages and CVs were calculated after removing data points outside a band of +/-3 standard deviations. Figure 4 shows graphical representations of the values presented in Table 8 . The tables in Appendix C show the complete set of data points. The statistics shown in the appendix tables were calculated before the outliers were removed.
As with the Dodge Spirits, the FFV regulated emissions results for Econoline vans were quite low compared to the EPA certification standards for heavy light-duty trucks (see Figure   4 ). NMHC and CO values were approximately 80% lower than the Tier 0 standard and 60% lower than the Tier 1 standards. The NO x results were approximately 50% lower than the Tier 0 and 30% lower than the Tier 1 standards. When comparing emissions from M85 tests to the RFG test results, Lab 3 showed a 21% decrease in NMHC, a 40% decrease in CO, and a 31% increase in NO x . Results from Lab 2 showed a 25% reduction in CO, and practically no difference in NMHC or NO x .
The regulated emissions from the standard gasoline Econoline vans tested on RFG were generally higher than the RFG test results from the FFV Econoline vans. Lab 2 showed 79% higher NMHC, 4% higher NO x , and 47% higher CO. Lab 3 showed 78% higher NMHC, 31% higher NO x , and 52% higher CO.
The evaporative HC emissions (see Figure 3d ) were approximately 85% below the 2.0 gram certification standard. Both labs showed similar trends between fuels. The average M85 evaporative emissions were approximately 30% lower then the RFG from the FFVs. Typically, this was due to a few vehicles with higher evaporative emissions, but leaving these vehicles out did not change the trend between fuels.
Trends in the variability of the data were not as apparent as with the Dodge Spirit test data.
Speciation of Hydrocarbon Emissions
Speciation, or quantification of individual HC emissions components through gas chromatography, was performed on six Dodge Spirits tested at Labs 1 and 3, and two of the 10 Ford Econoline vans tested at Lab 3. A complete list of the HC compounds detected is shown in Appendix A. HC speciation can be used to compare the differences in the types of HC emitted by the various fuels. Figures 5 and 6 show the average distribution of exhaust HC species detected from FFV Dodge Spirits and Ford Econoline vans tested on M85, M50, and RFG. Two distributions are shown. The first distribution ( Figure 5 ) groups the results by number of carbons from one carbon in CH 4 and CH 3 OH through six carbons in HC compounds such as benzene, eight in iso-octane, up to 11 carbons. The second distribution (Figure 6 ) groups the results by HC "class" (alkane, aromatic, etc.). These distributions show how the profile of HC emissions vary from fuel to fuel. In general, the M85 test results show a much higher C1 component, but consistently lower amounts of C2 through C11 HCs. Similarly, the M85 results show greater amounts of oxygenates, but lower HCs classified as aromatics, alkanes, and alkenes.
Two areas of particular interest with HC emissions from vehicles are air toxic emissions, and the contribution of HCs to ozone formation. Tables 9 and 10 and Figure 7 show the average emissions values of four HC components considered to have adverse affects on human health. The compounds covered include 1,3-butadiene, benzene, formaldehyde, and acetaldehyde. Formaldehyde is a primary decomposition product from methanol combustion and is expected to be higher from methanol than from other fuels.
Air Toxic Emissions
In comparing the M85 to RFG air toxic emissions for the FFV Dodge Spirits, there was a 88% reduction in 1,3-butadiene, a 69% reduction in benzene, and a 42% reduction in acetaldehyde, but the formaldehyde emissions were nearly an order of magnitude higher for M85. Results for the two FFV Ford Econoline vans are similar. The 1,3-butadiene emissions were reduced by 78%, benzene by 61%, and acetaldehyde by 63%, but formaldehyde increased 449% for the M85 tests compared to the RFG tests.
Ozone-Forming Potential and Specific Reactivity
California emissions regulations assign a maximum incremental reactivity (MIR) value to individual compounds emitted in exhaust. The MIR value is the predicted impact of the compound on ozone formation in certain urban atmospheres and is expressed in units of milligrams of ozone per milligrams of compound. The MIR value is determined in a laboratory experiment in which a small increment of the compound is added to a simulated urban background mixture and the net increase in ozone is measured. Taking into account the MIR values for all measured exhaust compounds, an OFP for the fuel may be calculated in units of milligrams of ozone per mile. Specific reactivity (SR) for a given fuel may also be calculated by combining the respective mass of compound emissions per mile with the OFP, which results in units of milligrams of ozone per milligram of total organic emissions. In the California regulations, SR is based on non-methane organic gas (NMOG) emissions.
Tables 11 and 12 present the OFP and SR for the Dodge Spirits and Ford Econoline vans. Figure 8 presents the same information graphically. Both laboratories showed a significantly reduced OFP for FFVs tested on the alcohol fuels versus RFG. For the FFV Dodge Spirits, Lab 1 showed a 36% reduction and Lab 3 showed a 58% reduction in OFP when tested on M85 compared to RFG. For the FFV Ford Econoline vans, Lab 3 showed a 51% reduction in OFP when tested on M85 compared to RFG. There was strong agreement in SR values at the two laboratories. Lab 1 and 3 show reductions in OFP of 60% and 61% respectively for the FFV Dodge Spirit M85 tests compared to the RFG tests. Lab 3 showed a 51% reduction in SR for the FFV Ford Econoline tested on M85 compared to RFG. Table 13 summarizes the results from the first round of AMFA emissions testing of in-service methanol FFV Dodge Spirits and Ford Econoline Vans. Overall, the emissions levels from all vehicles tested were substantially lower than the EPA Tier 0 certification levels, and most were even much lower than the more stringent Tier 1 certification levels. At these levels, the magnitude (measured in grams per mile for exhaust emissions, or grams of evaporative loss) of the differences in regulated emissions between fuels for the FFVs is relatively small. Labs 1 and 3 agreed quite well with the emissions trends from fuel to fuel. Lab 2 to showed very little difference in average emissions levels between fuels. Labs 1 and 3 performed detailed speciation of the HC emissions, which agreed with the makeup or profile of the exhaust HC emissions. Although the reductions in NMHCs for M85 compared to RFG for FFVs were fairly modest (approximately 20% at Labs 2 and 3), differences in the profile of exhaust HCs amount to large reductions in toxic compounds (such as benzene and 1,3-butadiene), a very large increase in formaldehyde, and a large decrease in OFP exhaust. As additional testing at higher mileages are still being performed, the conclusions covered in this paper are preliminary. The following summary compares the FFV M85 test results to the FFV RFG test results:
SUMMARY OF RESULTS AND CONCLUSIONS
1. Labs 1 and 3 showed an approximate reduction of 20% to 30% in NMHCs from M85 compared to the same vehicles tested on RFG. Lab 2 showed practically no change between the two fuels for both the Dodge Spirit and the Ford Econoline van.
2. Labs 1 and 3 showed an increase of approximately 35% in exhaust emissions of NO x from M85 compared to the same vehicles tested on RFG. Lab 2 showed practically no change between the two fuels for both the Dodge Spirit and the Ford Econoline van. 4. Labs 1 and 3 (Lab 2 did not perform HC speciation) agreed quite well on exhaust toxic emissions. For M85 compared to RFG, the two labs showed approximate reductions of 60% to 70% for benzene, 80% to 90% for 1,3-butadiene, 42% to 48% for acetaldehyde, and a 500% to 750% increase in formaldehyde.
5. Labs 1 and 3 also agreed quite well on the differences in OFP and agreed strongly on SR of the exhaust emissions. Labs 1 and 3 showed a reduction in OFP of 36% to 58% for M85 compared to RFG. The SRs were 60% to 62% lower for the FFV Dodge Spirits tested on M85 and 51% lower for the Ford Econoline vans tested on M85. 
